Objective: To determine the relation between lipid peroxidation and the antioxidants ascorbate, urate, and glutathione in epithelial lining fluid in ventilated premature babies, and to relate the biochemical findings to clinical outcome. Design: A cohort study conducted between January 1999 and June 2001. Setting: A NHS neonatal intensive care unit.
V entilated premature babies are at risk of developing chronic lung disease of prematurity, bronchopulmonary dysplasia (BPD). Babies who develop BPD go on to have a higher rate of respiratory problems in later life and also have a higher incidence of neurodevelopmental disorders. [1] [2] [3] BPD is a serious consequence of prematurity, and interventions aimed at limiting its occurrence would be valuable additions to the clinical care of these babies. To achieve this, a greater understanding of the causes of BPD is needed. Although a multifactorial condition, it is widely believed that BPD is due, at least in part, to oxidant free radical injury to the immature lung. 4 The free radicals are generated as a consequence of the high levels of inspired oxygen and by respiratory bursts in invading inflammatory cells. [5] [6] [7] Previous studies have provided biochemical evidence of pulmonary free radical damage in premature babies who develop chronic lung disease. 8 9 Antioxidants present in the alveolar epithelial lining fluid (ELF) are well positioned to defend against tissue damage caused by free radicals generated by these mechanisms. 10 These antioxidants can be measured in bronchoalveolar lavage (BAL) fluid. Among the non-enzyme antioxidants present in the alveolar spaces, there is evidence that ascorbate, urate, and glutathione are important. 7 11-13 These antioxidants work together in a coordinated manner to defend against free radical damage. Glutathione is an important substrate in the detoxification of peroxide by glutathione peroxidase.
14 It also plays an important role in promoting the reduced form of other antioxidants. 15 The importance of glutathione in protecting the lung against oxidative damage has been well established in studies in animals in which hyperoxia or inhibition of glutathione synthesis led to significant oxidative damage to the lung, which could be ameliorated by treatment with glutathione esters or precursors. 16 17 In addition, babies who develop chronic lung disease have decreased concentrations of glutathione in BAL fluid. 18 19 Urate is a particularly important antioxidant because, in addition to acting as a free radical scavenger, 11 it is able to chelate non-protein bound iron and to subsequently reduce iron induced oxidant activity, 20 21 including iron induced oxidation of ascorbate. 20 There is some evidence that urate may be important in protecting against oxidative damage in early neonatal life. 12 Ascorbate is an important pulmonary antioxidant 13 and also functions to recycle oxidised glutathione to its reduced form. 15 Although the redox state of the antioxidants is important, the absolute availability is also relevant because, irrespective of redox state, a severe deficiency in any antioxidant could compromise the ability of the lung to regulate its overall antioxidant status and to defend against oxidative damage.
To understand the relation between antioxidant status, oxidative damage, and clinical outcome, a biochemical marker of oxidative damage that can also be measured in lung fluid is required. Lipid peroxidation is a likely form of oxidative damage in the developing lung. Malondialdehyde is one of the most abundant products of lipid peroxidation and has been shown to be a sensitive marker of oxidative damage in a number of tissues. 22 23 It has been identified in the urine of premature babies and shown to be increased in babies who develop chronic lung disease. 24 The concentrations of malondialdehyde and glutathione, ascorbate, and urate were related to clinical outcome and to other potentially confounding variables. The aim was to test the hypothesis that there is an inverse relation between pulmonary oxidative damage and ELF antioxidant concentrations and that poor clinical outcome is associated with high levels of oxidative damage and/or low antioxidant concentrations.
PATIENTS AND METHODS

Sample group
The sample group consisted of ventilated babies of less than 32 weeks gestation for whom informed parental consent had been obtained and who were being cared for in the neonatal intensive care unit at the Royal Devon & Exeter Hospital (Heavitree). The study was conducted between January 1999 and June 2001. Wherever possible, parents were fully informed of the study prenatally and ''provisional consent'' often obtained. 25 Written consent was obtained in the early postnatal period in all cases.
During the study, a total of 117 babies of less than 32 weeks gestation were ventilated in our unit. The study recruited 45 babies, of whom one died before any samples could be taken and one provided insufficient samples for analysis, resulting in 43 babies for analysis.
Clinical outcome
Oxygen dependency was defined according to continuous saturation monitoring and an overnight trace at 36 weeks post-conceptional age, whether or not the baby had an oxygen requirement. If oxygen saturation was consistently below 92% in room air, the baby was classified as oxygen dependent. The 43 babies were divided into four groups according to clinical outcome in relation to oxygen dependency. Group 1 consisted of 17 babies who did not require supplementary oxygen at either 28 days postnatal age or 36 weeks post-conceptional age; group 2 consisted of eight babies who were oxygen dependent at 28 days postnatal age but not 36 weeks post-conceptional age; group 3 consisted of 11 babies who developed BPD (oxygen dependent at 36 weeks post-conceptional age); group 4 consisted of seven babies who died. Three babies died from progressive respiratory failure at 15, 16, and 22 days of age, and three died from acute respiratory failure within the first 24 hours of life. One died from necrotising enterocolitis having suffered minimal respiratory problems.
Bronchoalveolar lavage BAL was conducted within the first 24 hours (where possible) and daily for the first seven days. Thereafter, it was conducted weekly for as long as the infant remained on the ventilator. It was performed at the time that suction/ lavage was clinically indicated and never within four hours of surfactant administration. The infant was supine with head turned to the left. Two separate aliquots of 1 ml/kg sterile normal saline were instilled into the lung through a 5FG DeeLee suction catheter (Pennine Ltd, Derby, UK) inserted down the endotracheal tube and wedged in a bronchus. BAL fluid was immediately aspirated under suction (50 cm H 2 O) into a bronchoscopy trap (Wallace UK, 3S Healthcare, London, UK) after each instilled aliquot. The two aliquots were pooled. Part of the sample was taken for bacterial culture, and the remainder was centrifuged at 1000 g for five minutes to remove mucous and cellular debris. The supernatant was stored at 280˚C before biochemical analysis.
Blood sampling
In those babies with an arterial line, about 400 ml blood was removed at the time of lavage. The sample was placed in a BD Microtainer (lithium heparin with serum separator) and centrifuged at 1000 g for five minutes to pellet the cells. The plasma was removed and stored at 280˚C before biochemical analyses.
Biochemical analyses
Initial processing of BAL fluid and plasma A 200-250 ml sample of BAL fluid supernatant was mixed with an equal volume of 0.2 M perchloric acid to provide a final concentration of 0.1 M perchloric acid. The sample was centrifuged at 10 000 g for five minutes to pellet the protein. Then 50 ml of the supernatant was removed and added to 450 ml water for the measurement of glutathione. The remainder was used for the measurement of ascorbate and urate.
A 100 ml sample of plasma was mixed with 100 ml 1.0 M perchloric acid, mixed well, and centrifuged at 10 000 g for five minutes to pellet the protein. The supernatant was removed and diluted 1:5 with water to provide a final perchloric acid concentration of 0.1 M. A 100 ml portion of the supernatant was added to 900 ml water for the measurement of glutathione. The remainder was used to measure ascorbate and urate.
Urea was measured using neat BAL fluid supernatant or plasma. Malondialdehyde was measured using neat BAL supernatant.
Samples were stored for no longer than one month before analysis. Standards and spiked samples stored under the same conditions as the BAL and plasma samples were stable for at least this period. This is in agreement with previous studies. 26 27 
Measurement of antioxidants
Ascorbate and urate concentrations in the perchloric acid extracts of BAL fluid and plasma were measured by the HPLC-EC method of Mitton and Trevithick. 28 The amount of ascorbate and urate in each sample was computed by comparison with standard curves prepared with each batch of samples. The limit of sensitivity of the technique was well below that required for this study. The lowest standards needed for both antioxidants was 100 nM.
Total glutathione concentrations in the perchloric acid extracts were measured by a previously developed method. 29 The amount of glutathione present in samples was quantified against standard curves prepared with each batch of samples. As with the measurement of ascorbate and urate, the limit of sensitivity of the method was well below that needed for this study. The lowest standard used was 1 nM.
Measurement of malondialdehyde
Malondialdehyde was measured as authentic malondialdehyde not a thiobarbituric acid adduct (which is non-specific) by a modification of the method of Esterbauer et al. 30 In our modification, an Aquasep column was used rather than an aminophase column. This provided more stable retention times. This required a modification of the mobile phase. The system consisted of a 150 6 4.6 mm column of Aquasep C8 (3 mm particle size; Hichrom) equipped with a guard column of the same material. In addition, because undiluted BAL supernatant was injected into the system, an in-line filter was included to protect the chromatographic system. The mobile phase was 0.03 M Tris/HCl buffer, pH 6.5. The Rheodyne injection system incorporated a 20 ml sample loop. Chromatography was conducted at room temperature at a flow rate of 1.0 ml/min using a Gynkotec P-580 solvent delivery system. Malondialdehyde was detected using a UVD 170S detector (Gynkotec) at a wavelength of 267 nm. The system was controlled using a Chromeleon chromatography control system (Dionex). The amount of malondialdehyde present in samples was quantified against standard curves prepared with each batch of samples. The limit of sensitivity was 10 nM.
Estimation of ELF volume
There is still uncertainty about whether it is advisable to present data from BAL studies unadjusted or to express it as ELF concentrations. 31 To permit comparison with other studies, we have expressed data as both ELF concentrations using the urea dilution technique 32 to calculate the amount of ELF in each BAL sample, and also as unadjusted BAL.
Measurement of urea
Urea was measured in neat BAL fluid and plasma using a commercially available kit (Procedure No 535; Sigma Diagnostics, Sigma-Aldrich, Poole, Dorset, UK). For measuring urea in plasma, the kit was used according to the manufacturer's instructions. For measuring urea in BAL fluid, the technique was modified as follows: 100 ml filtered BAL fluid (0.2 mm) was added to 750 ml blood urea nitrogen (BUN) acid reagent and 500 ml BUN colour reagent. The mixture was heated at 100˚C for 15 minutes and then cooled before reading at 535 nm in a Camspec spectrophotometer. The amount of urea present in the samples was quantified against standard curves prepared with each batch of samples.
The limit of sensitivity of the methods used was 10 mM for BAL, and the lowest standard used for plasma was 500 mM.
Chemicals
All chemicals used in this study were obtained from Fisher Scientific, Sigma, or Aldrich chemical companies.
Statistical analysis
All the ratio data were analysed using analysis of variance with Tukey's multiple comparison test, a two tailed t test (where relevant), and by Pearson's correlation test. Nominal data were analysed by the Kruskall-Wallis test and, where significant differences were observed, the individual groups were compared by the Mann-Whitney U test.
Binary logistic regression analysis was carried out to determine which factors were predictive of the development of oxygen dependency at 36 weeks. Univariate analyses were conducted using Stat 100 (Biosoft) or SPSS. Multivariate analyses were conducted using SPSS. p , 0.05 was regarded as significant. Table 1 shows the clinical and biochemical data for the four groups. There were no differences in sex, mode of delivery, and Apgar score between the four groups. The incidence of endotracheal infection and septicaemia was significantly higher in the babies who developed BPD than in those who did not (p , 0.02) and those who were oxygen dependent at 28 days (p , 0.05) (Kruskall-Wallis and Mann-Whitney U test). Ureaplasma infection was detected in similar proportions of the babies in the four groups. There was a significant increase in the volume and number of blood transfusions in babies who went on to develop BPD (p , 0.05).
RESULTS
ELF/BAL antioxidant concentrations
As expected, the sickest babies required ventilation for a longer period and consequently provided the most BAL samples. The percentage recovery of BAL in this study was greater in the groups of babies with poorest clinical outcome.
There was no correlation between gestational age and the ELF/BAL concentration of any of the antioxidants.
The initial antioxidant concentrations (within the first 24 hours) expressed as both ELF or uncorrected BAL showed little difference in the concentrations of ascorbate and urate across the groups, but the concentration of glutathione was lowest in those babies who developed BPD. This reached significance when expressed as ELF concentrations (p = 0.043). There was a significant correlation between the time to first surfactant administration and the initial ELF glutathione concentration (r = 0.47, p , 0.05).
Plasma antioxidant concentrations
Plasma glutathione was also significantly reduced in those babies who developed BPD (p = 0.022) and correlated significantly with time to first surfactant administration (r = 0.55, p , 0.01, n = 43). There was no correlation between plasma glutathione and BAL or ELF concentrations. In contrast, there was a positive correlation between plasma and BAL urate (r = 0.527, p , 0.001, n = 100), plasma and ELF urate (r = 0.406, p , 0.001, n = 99), plasma and BAL ascorbate (r = 0.419, p , 0.001, n = 100), and plasma and ELF ascorbate (r = 0.616, p , 0.001, n = 99). The concentration of glutathione in ELF was significantly greater than that in plasma, but the concentrations of ascorbate and urate were similar in plasma and ELF. There was a significant positive correlation between ascorbate and urate concentrations in both ELF (r = 0.63, p , 0.01) and BAL (r = 0.65, p , 0.01, n = 43).
ELF/BAL malondialdehyde concentrations
The mean malondialdehyde concentration of all BAL samples taken were significantly higher in babies who developed BPD than in those who did not (p , 0.05).
Changes in antioxidant/malondialdehyde concentrations with postnatal age Figure 1 shows changes in ELF concentrations of ascorbate, urate, and malondialdehyde during the first week of ventilation in those babies who were ventilated for seven days or more. Glutathione concentrations are not shown, as these changed little over the first week. The initial concentration of malondialdehyde was low and peaked at day 5. In contrast, both ascorbate and urate concentrations decreased over the first week. A similar trend is seen when the data are expressed as uncorrected BAL concentrations. In those babies still ventilated on day 14 (n = 5), the urate and ascorbate concentrations remained low (mean (SEM) urate 77.69 (23.0) mM; ascorbate 5.18 (2.29) mM), and the malondialdehyde concentration remained high (2.06 (0.43) mM; n = 5). Plasma concentrations of ascorbate and urate also fell during the first five days of life, but glutathione concentrations remained stable (no baby had an arterial line in situ for more than five consecutive days). The data shown in fig 1 may predict an inverse relation between malondialdehyde and ascorbate and urate concentrations. However, this was not significant (Pearson's correlation test).
Correlation of antioxidant/malondialdehyde concentrations with oxygen exposure and infection
There was no correlation between the degree of oxygen exposure (measured by mean fraction of inspired oxygen (FIO 2 ) in the six hours before taking each BAL sample as well as the peak FIO 2 in the preceding 24 hours) and BAL/ELF antioxidant or malondialdehyde concentrations. There was a significant correlation between ELF/BAL malondialdehyde concentrations and the occurrence of endotracheal infection (ELF r = 0.38, p , 0.05; BAL r = 0.37, p , 0.05, n = 35).
Binary logistic regression analysis
It is clear that there are likely to be a number of covariances between the variables recorded. In an attempt to tease out which of these observations were most predictive of the development of BPD, the variables were subjected to binary logistic regression. The main predictors of the development of BPD were gestational age (z value 3.07; p , 0.002; odds ratio 0.30; 95% confidence interval (CI) 0.14 to 0.65), endotracheal infection (z value 2.78; p , 0.005; odds ratio 25.79; 95% CI 2.62 to 254.98), and septicaemia (z value 2.44; p , 0.01; odds ratio 17.64; 95% CI 1.76 to 177.12). Gestational age essentially soaked up the available power to predict the occurrence of BPD. However, if this variable were omitted, then the inclusion of endotracheal infection or septicaemia provided as powerful a predictive model as any other. There was evidence of some limited predictive power for the glutathione and malondialdehyde variables but this failed to reach significance. These effects were unchanged whether or not the three babies who died from progressive respiratory failure at 15, 16, and 22 days of age were included in the BPD group.
DISCUSSION
The purpose of this study was to examine the relation between pulmonary extracellular antioxidants, oxidative damage, and clinical outcome. In particular, the study looked at antioxidant concentrations in the early days of life. Antioxidant concentrations supplied to the baby at birth may be clinically important for allowing it to cope with the rigours of extrauterine life. Extracellular antioxidant and malondialdehyde concentrations were sampled by BAL. The higher percentage recovery of BAL in babies with poor clinical outcome is probably due to a greater amount of residual fluid in the bronchoalveolar spaces of these babies because of greater vascular and epithelial permeability. 33 34 This transvascular fluid flux should be accompanied by low molecular mass solutes such as urea. Accordingly, the calculation of ELF volumes using urea dilution should provide reasonably accurate figures for the concentration of antioxidants and malondialdehyde in the fluid lining the bronchoalveolar spaces.
The initial concentrations of ELF urate and ascorbate were similar to those seen in adults (ascorbate 40 (18) mM; urate 207 (167) mM), 35 but glutathione concentrations were at least one order of magnitude lower (adult value 109 (64) mM).
35
The finding that low initial glutathione concentrations are associated with the development of BPD is consistent with previous observations, 18 19 although a recent study reported no such difference. 28 Babies with higher initial glutathione concentrations did not require surfactant treatment until later in their clinical course, suggesting that these babies had less severe lung disease. Animal studies have shown the importance of glutathione as a pulmonary antioxidant, 16 17 36 and there is evidence of a deficiency of glutathione in adult pulmonary conditions in which oxidative damage plays a role. 37 Although plasma glutathione concentrations were also low in babies who developed BPD, the lack of correlation between BAL/ELF and plasma concentrations (in contrast with urate and ascorbate) suggests that pulmonary concentrations are regulated independently of plasma concentrations. The much higher concentration of ELF glutathione compared with plasma concentrations suggests that it is actively secreted into the alveolar spaces. The higher mean concentration of malondialdehyde in babies who develop BPD indicates a higher level of oxidative damage during their time on the ventilator. Previous studies using other markers of oxidative damage have produced similar results. 8 9 38 39 However, despite this evidence, binary logistic regression analysis showed that the ability of these variables (glutathione and malondialdehyde) to predict the development of BPD was weak. In a multifactorial condition such as BPD, it is perhaps naïve to expect clear predictive outcomes from such data. It is nevertheless likely that deficiency of glutathione does contribute to BPD by compromising pulmonary antioxidant capacity. 18 19 Although the concentration of ELF and BAL malondialdehyde is higher in those babies with poor clinical outcome, very few babies are born with high malondialdehyde concentrations. In those babies in which sufficient sequential samples were taken to allow measurements to be made over the first week, the concentration of malondialdehyde rose over the first few days of life. During this time, glutathione concentrations changed little, but urate and ascorbate concentrations fell, as has been noted in previous studies. 12 28 The two likely causes of oxidative damage in these babies are free radicals generated as a result of hyperoxia and respiratory burst activity of invading inflammatory cells. 40 We found no correlation between the inspired oxygen concentrations and BAL/ELF antioxidant or malondialdehyde concentrations. There was, however, a strong correlation between endotracheal infection/septicaemia and ELF/BAL malondialdehyde concentrations, suggesting that the inflammatory response to infection is more likely than hyperoxia to lead to oxidative damage. The pattern of malondialdehyde production, with higher concentrations occurring at around day 5 rather than at birth would be consistent with this. This is further supported by the results of the logistic regression analysis, which indicated that endotracheal infection in combination with septicaemia and gestational age was a powerful predictor of the development of BPD.
